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Abstract 
 The fossil record of drilling predation has been widely used to study predator-prey 
interactions and their relative importance on long-term evolutionary processes. 
Incomplete drill holes have been interpreted as indicators of failed attacks due to well-
defended prey. However, this interpretation is based on pair-wise interactions between 
one predator and one prey, a condition commonly compromised in nature. The hypothesis 
that interference among drilling predators leads to an increase in the relative frequency of 
incomplete drill holes was tested in the laboratory using the naticid Neverita 
delessertiana (Récluz) and a common prey, the bivalve Chione elevata (Say). The 
experiment consisted of an isolation treatment, where predators fed alone, and a 
competition treatment, where predators fed in groups of three. Predators in competition 
were grouped into two size cohorts, small and large. All drilling attacks made by isolated 
predators of both size groups were successful, resulting in complete drill holes, whereas, 
in competition, the incomplete drilling frequencies were 6.9% for the small predator 
group and 21.3% for the large predator group. A range of competitive, predator-predator 
interactions were observed, including grappling, prey theft, and cannibalism. These 
results suggest that interpretations of both field and fossil data must consider the role of 
competitive disruption as an additional source of incomplete drill holes. The implications 
of other observations, including prey 'suffocation' and the resumption of incomplete drill 
holes after successful prey theft, are also discussed. 
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1. Introduction 
The hypothesis of escalation frames biotic interactions as drivers of long-term 
adaptive trends towards greater power (e.g., metabolism, locomotion, etc.) and control 
over resources (e.g., nutrients, biogeochemical cycles, etc.), which have been only 
temporarily disrupted during times of biotic crises (Vermeij, 2006a, 2006b). A competing 
view argues that external environmental factors (e.g., bolide impacts, extreme climate 
change, etc.) and intrinsic biotic factors (e.g., developmental constraints, geographic 
ranges, etc.) supersede the selective effects of biotic interactions and their adaptations on 
the history of life (Jablonski, 2008, 2009). While the adaptive improvement of effective 
prey morphologies (e.g., Landerhans, 2009; Marchinko, 2009) and behaviors (e.g., Stoks 
et al., 2003) due to the selective pressure of predation is a well-accepted phenomenon, 
understanding the ultimate fate of such improvements, and, thus, their role in the history 
of life, requires the temporal context of the fossil record. 
Predatory drill holes made by naticid and muricid gastropods potentially contain a 
wealth of information on predator-prey interactions, such as the intensity of predation, the 
success rate of predators, prey preferences, and other variables as they change in time and 
space (Kitchell, 1986; Kowalewski, 2002). Frequencies of incomplete drill holes have 
been used to measure failed attacks and are thought to reflect the relative effectiveness of 
a prey defenses, enabling the study of the evolutionary response of prey to predation 
pressures (Vermeij, 1987; Kelley and Hansen, 2003; Harper, 2006). As a record of prey 
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effectiveness, incomplete drill holes have been used to test the hypothesis that, during 
extinction crises that involve disruptions of primary productivity, taxa with energetically 
costly traits are at a higher risk of extinction (Roopnarine and Beussink, 1999; Vermeij, 
1999). As such, recovery faunas should consist of prey that possess fewer costly 
defensive adaptations and are relatively more susceptible to successful predatory attacks 
(Vermeij, 1987; Kelley et al., 2001). However, some prey characters in mollusks 
interpreted as antipredatory (e.g., shell shape, sculpture, or internal conchiolin layers) do 
not consistently impact predator success (e.g., Allmon et al., 1990; Anderson et al., 
1991), suggesting that the concept of prey effectiveness fails to fully explain incomplete 
drilling attacks. 
Failed attacks by predators can also be due to the predator’s own enemies 
(competitors, other predators, etc.), independent of prey characteristics (Sih et al., 1998). 
Studies incorporating multiple predators have documented predator-predator interference 
in the forms of cannibalism (Crumrine, 2010), competition over prey (Vance-Chalcraft et 
al., 2004), and as modified behavior due to the presence of other predators 
(Chattopadhyay and Baumiller, 2007). Naticid gastropods - the target of many previous 
studies on drilling predation (e.g., Kelley and Hansen, 1993; Kelley et al., 2001; 
Roopnarine and Beussink, 1999) - regularly engage in predation on conspecifics (i.e., 
cannibalism) and confamilials (Kabat, 1990; Kelley and Hansen, 2006), a multi-predator 
interaction that can interrupt attacks-in-progress on prey taxa. 
The present study was designed to test the hypothesis that conspecific competition 
among naticid predators is a contributing factor in determining the frequency of 
incomplete drill holes found in prey when the prey characteristics are held constant. 
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Although naticids have a well-known cannibalistic behavior in both the fossil record and 
in contemporary ecosystems (Carriker, 1951; Kitchell et al., 1981), the range of potential 
competitive interactions had not been previously documented, prompting an experimental 
design that enabled detailed observations of predator behavior. Additionally, this study 
allowed the measurement of other drilling parameters in the context of conspecific 
competition that might be useful in future paleontological studies, including the effects of 
competition on: (1) multiple drilling frequencies, a measurement of failure thought to be 
complementary to incomplete drilling frequencies (Kitchell et al., 1986; Kelley et al., 
2001), (2) edge-drilling, a behavior induced by competition in some muricid gastropods 
(Dietl et al., 2004), and (3) smothering, an alternative mode of predation observed in 
some naticid taxa (Vermeij, 1980; Ansell and Morton, 1987). 
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2. Materials and Methods 
2.1. Specimen Collection 
Twenty-four naticid snails of Neverita delessertiana (Récluz, 1843), ranging in 
size from 25.3 mm to 48.6 mm (mean 33.8 ± 1.4 mm), were collected in March, 2012 
from Wakulla Beach, St. Marks, Florida. Specimens of the bivalve Chione elevata (Say, 
1822), a common prey of N. delessertiana, were collected throughout the experiment 
from shallow seagrass habitats adjacent to Black’s Island, St. Joe’s Bay, Florida, where 
this bivalve is abundant. Specimens were maintained at the University of South Florida, 
Tampa in seawater aquaria (mean temperature 21°C, salinity 33-35‰) using a 50/50 
mixture of freshly collected seawater from Tampa Bay and Instant Ocean artificial 
seawater, with subsequent weekly water changes made using only the latter. Prey were 
housed in nine re-circulating holding tanks (each 50 cm x 26 cm x 30 cm) and fed DT’s 
Live Marine Phytoplankton according to the manufacturer’s recommendations (Espinosa 
and Allam, 2006). 
 
2.2. Experimental Design 
A crossover design was used to allow the collection of both control and 
experimental data from each snail. The isolation (i.e., control) treatment had twelve 
aquaria, each with one N. delessertiana and three C. elevata. The competition (i.e., 
experimental) treatment used four aquaria, each with three N. delessertiana and nine C. 
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elevata, maintaining the same predator:prey ratio as in the control. Naticids have been 
reported to be more likely to engage in cannibalism when there is a size disparity among 
snails (Kitchell et al., 1981; Gould, 2010). Therefore, we divided snails into two cohorts 
(Small: 28.7 ± 0.7 mm, Large: 39.0 ± 1.6 mm) in order to reduce the risk of cannibalism. 
For the first trial, the smaller cohort was arbitrarily placed first in the isolation treatment, 
while the large group was placed in the competition treatment. In the second trial, groups 
were swapped so that the small group snails were placed in competition, and the large 
group snails were placed in isolation. For both trials, snails within a group were randomly 
distributed within each treatment. 
After an acclimation period of at least one week, trials were run for a period of 
approximately 60 days beginning with the first recorded predation event. A power 
analysis (GPower3 software) based on an earlier pilot study of similar design indicated 
that a sample size of as little as 11 recorded drills per treatment would be sufficient to test 
the null hypothesis of no difference between treatments, although we opted for larger 
sample sizes to evaluate relationships in predator and prey size characteristics. 
The experiment was monitored daily, with observations made at 2-4 hour 
intervals during the daytime. Daytime observations for all aquaria included checking if 
the snail was mobile or stationary, noting whether or not an attack was in progress, and 
checking for deceased prey. For the competition treatment, additional observations were 
made for predator-predator interactions. Consumed prey were replaced during each 
observation to keep the predator:prey ratio constant. Following Hasegawa and Sato 
(2009), a 4-cm layer of clear glass beads (5-mm diameter) was used as sediment in all 
aquaria to facilitate observation of infaunal predator-prey and predator-predator 
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interactions and to locate consumed prey without disrupting the activities of snails. The 
discontinuous nature of observations required that the time between a given check and 
the previous one be used as the uncertainty when estimating the start or end of a 
predation event. 
A Sony HDR-FX7 video camera was incorporated to record time-lapse digital 
footage (1 frame every 3 seconds) of interactions in two of the four aquaria for the second 
half (30 days) of the large group competition treatment and for the entire duration of the 
small group competition treatment (64 days). Continuous observation allowed the 
collection of precise durations of predation events and a complete record of predator-
predator interactions. This footage was used to document the interactions and behaviors 
causing any observed changes in drilling patterns. 
The frequency of incomplete drill holes (i.e., holes that do not penetrate 
completely through the prey shell) in a treatment was defined as the number of 
incomplete drills divided by the total number of attempted drills following Vermeij 
(1987). Incomplete drill holes were recorded as successful attacks if the incompletely 
drilled prey shell was found with the animal deceased and no soft tissue remaining. In 
contrast, prey found deceased with soft tissue remaining were recorded as natural 
mortalities. Prey found alive with an incomplete drill hole were removed from the 
aquarium and recorded as a failed attack. Prey shells left with more than one attempted 
drill hole following an attack were recorded as multiply drilled shells. The multiple 
drilling frequency was defined as the total number of attempted drill holes on multiply 
drilled shells divided by the total number of attempted drill holes (Kelley et al., 2001). 
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2.3. Statistical Analysis 
Differences in the frequency of incomplete drill holes and multiple drill holes 
between treatments and between trials were tested using either Fisher’s exact test or 
Pearson’s chi-squared test.  Fisher’s exact test was used whenever there was a count of 
less than 5, which could confound a standard chi-squared test (Yates, 1934). Prey-size 
characteristics, the mean duration of predation events, and feeding rates (i.e., prey 
consumed per snail per week) of active snails were compared using unpaired t-tests and, 
when making multiple comparisons, one-way ANOVAs. All statistical analyses were run 
using the PAST (version 2.16) software package. 
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3. Results 
Isolation treatments from both trials produced only complete drill holes (see 
Table 1). During both trials, no natural mortality occurred among predators, except for 
two instances of cannibalism described below. Natural mortality among prey not due to 
attacks by predators accounted for less than 1% of the total count of prey collected 
(n=390). No edge drilling or non-drilling attacks were observed in any treatments. All 
observed attacks resulted in at least one wall drilling trace. 
One snail in the small competition treatment twice enveloped a mucus-covered C. 
elevata prey after that prey was successfully drilled and completely consumed by another 
predator. After handling, the mucus was gone. Both of these events were preceded by the 
isolation treatment in which this snail attempted no drilling. Twenty-nine days following 
these events in the competition treatment, this snail began regularly drilling prey. 
 
Table 1. Differences in drilling parameters between treatments. All p-values are the 
result of Fisher’s exact tests and are in boldface font when less than 0.05. 
Factor 
Isolation Factor 
Count / Total 
(Frequency) 
Competition 
Factor Count / 
Total (Frequency) 
p 
Total Incomplete Drills       
   Small Size Group 0/67 (0%) 10/144 (6.9%) 0.033 
   Large Size Group 0/23 (0%) 10/47 (21.3%) 0.025 
Multiple Drills       
   Small Size Group 0/67 (0%) 14/144 (9.7%) 0.006 
   Large Size Group 4/23 (17.4%) 2/47 (4.3%) 0.086 
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3.1. Observations of Competitive Interactions 
Agonistic interactions among predators during the experiment included grappling, 
radular rasping, prey theft, and cannibalism. Unless otherwise noted, all interactions 
reported below are those observed in the recorded video footage.  
In the small-sized predator group, observed agonistic interactions were relatively 
common, with an average of 14 events per week (n=109 over the 64-day duration of the 
experiment) in the two video-recorded replicates. Conversely, observed agonistic 
interactions in the large group were quite rare, yielding a mean of one event per week in 
the two recorded replicates and only four total events during the continuous observation 
of the second half of the treatment. Small snails engaged in 0.80 agonistic events per prey 
consumed (109 events over 136 consumed prey) compared to 0.19 agonistic events per 
prey consumed (4 events over 26 prey consumed during continuous observation) for the 
large snail group.  
All direct interactions began with a grappling event, with the majority (i.e., 
greater than 85% in the small group and 100% in the large group) involving an attempted 
prey theft from a defending snail. In the remaining cases, the defender did not possess a 
prey, and the cause of grappling is unclear, although one of these cases did lead to 
cannibalism. 
Grappling generally involved only two snails, although a third snail joined in two 
cases after grappling had begun. The aggressor, a mobile snail on the surface of the 
sediment, would locate the defender, a stationary snail below the surface of the sediment. 
The aggressor would dig the defender out of the sediment, and the two would then 
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grapple for one to approximately 30 minutes. Grappling would end with one snail, 
typically the defender, breaking free and moving away. In 12 out of 99 failed theft events, 
the aggressor followed in pursuit and attempted to engage in another bout of grappling. 
Aside from the frequency of grappling events, there were no observed differences in this 
behavior between the large and small group. Repeat attacks were common, with intervals 
between attacks ranging from less than an hour to over a day. In the video-recorded 
replicates of the small group, each had one snail that was the aggressor in more than 75% 
of all grappling events. There was no consistent relationship between size and which snail 
was the dominant aggressor.   
During grappling, the defending snail would occasionally extend its proboscis and 
use its radula to rasp at the soft, unprotected tissues of the other snail, causing it to retract 
quickly. Rasping was also observed without grappling as a reaction to other conspecifics 
moving on top of or near a snail. Although we were able to view occasional rasping 
events directly and via time-lapsed footage, we could not reliably quantify the frequency 
of rasping because it can occur quickly and often shielded from the view of the video 
camera by a snail’s body. 
In the smaller group, 10.8% (10 out of 93) of grappling events involving a prey 
item led to successful thefts (i.e., the prey was transferred from defender to aggressor). 
The grappling phase during successful theft attempts was short-lived, ranging from a few 
seconds to less than 5 minutes between the start of grappling and the point at which the 
defender gave up its prey. In each successful theft, the stolen prey was found to have only 
one complete drill hole, implying that either the prey was stolen before drilling by the 
defender had begun or that the aggressor continued the original drill hole started by the 
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defender. Seven successful thefts occurred greater than 24 hours after initial prey capture 
(mean time lapsed of 44.4 ± 9.5 hours), and, as drilling is reported to begin within 2-3 
hours of prey capture (Kitchell et al., 1981), this is more than sufficient time to allow for 
the latter scenario. 
Two cases of cannibalism were recorded (one in each size group), despite 
attempts to limit this type of interaction by segregating predators into narrow size classes. 
In each case, the cannibalism occurred with one predator drilling another in the last week 
of the treatment and marked the end of data collection for the aquarium in which it 
occurred. One case, recorded by video, involved nine grappling events over six days 
involving the same two snails, neither of which was in possession of prey. In the tenth 
and final event between these animals, the defending snail was successfully enveloped by 
the aggressor’s foot. After initial struggle, the defending snail withdrew into its shell and 
made no further attempt to flee. Immediately after this successful capture, a third snail 
intervened in a failed theft event of the enveloped defender. This third snail eventually 
gave up and moved away, while the aggressor dragged the defending snail away, 
resulting in successful drilling cannibalism.  
 
3.2. Incomplete Drill Holes 
Frequencies of incomplete drilling (Figure 1) were significantly greater in 
competition than in the isolation treatment for both small and large size groups (Table 1). 
Isolation treatments had zero incomplete drills, whereas incompletes in the competition 
treatments accounted for 10.5% of all drilling attempts (20 out of 191). However, the 
frequency of incomplete drilling in the large group competition treatment was also 
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significantly greater than in the small group competition (Pearson’s chi-squared test, 
χ2=7.764, p=0.005). Of all incomplete drill holes, 40% (8 out of 20) resulted in the death 
and consumption of prey. The remaining 60% of incompletes were failed attacks in 
which the prey was found alive. Between the small and large groups, the ratios of 
successful to failed incompletes did not differ significantly (Fisher’s exact test, p=0.170). 
 
Figure 1. Complete and incomplete drilling frequencies. Incomplete drills are found only 
in competition treatments. The two competition treatments were not combined. There 
were significant differences between isolation and competition for both the small group 
(Fisher's Exact Test, p=0.033) and the large group (Fisher's Exact Test, p=0.025). 
 
3.3. Multiple Drill Holes 
Multiple drilling frequencies (Figure 2) were significantly greater in the 
competition than in the isolation treatment for the small size group, while no statistical 
difference was found for the large size group (Table 1). Multiple drills in the small size 
group occurred only in the competition treatment, consisting of six multiply drilled prey 
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with 14 drills on those specimens. Of these prey, two had one complete and one 
incomplete drill hole, three had multiple complete drill holes, and one had an incomplete 
drill hole accompanied by multiple complete drill holes. Multiple drill holes in the large 
group occurred both in isolation (two prey with four complete drill holes) and 
competition (one prey with two incomplete drill holes).  
 
Figure 2. Single and multiple drilling frequencies. The small size group's isolation and 
competition treatments were significantly different (Fisher's Exact Test, p=0.006), 
whereas no significant difference was found between treatments in the large size group 
(Fisher's Exact Test, p=0.086). 
 
3.4. Consumption Rates and Drilling Durations 
No significant differences were found in the mean consumption rates between 
isolation and competition for either the small (unpaired t-test, p=0.528) or the large 
(unpaired t-test, p=0.105) size groups. However, comparison of consumption rates 
between size groups revealed that small snails fed more frequently than large ones in both 
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isolation (unpaired t-test, p=0.048) and competition (unpaired t-test, p=0.006) treatments 
(Figure 3). Six of the snails in the large-size group isolation treatment made no attempt 
to feed. Instead, each of these snails added to their shell resulting in a mean growth in 
size of 0.7 ± 0.4 mm during the 64-day trial. 
 
Figure 3. Consumption rates. Within size groups, no significant difference was found 
between isolation and competition treatments. Between size groups, unpaired t-tests 
revealed significant differences were found between both isolation (p=0.048) and 
competition treatments (p=0.006). Error bars are ±1 SE. 
 
No significant difference was found in the duration of drilling events (one-way 
ANOVA, p=0.645) between any treatments or size groups. When data for all treatments 
and groups are pooled, the mean duration of drilling events was 2 to 3 days. Due to the 
intermittent nature of observation and the strict avoidance by experimenters of interacting 
physically with predators, there was a mean uncertainty of 14.7 ± 0.6 hours associated 
with the start and end of predation events. 
15 
 
3.5. Prey Size 
No significance differences were found between treatments for either prey length 
(one-way ANOVA, p=0.099) or thickness (one-way ANOVA, p=0.341). Additionally, no 
significant differences were found between shells with only complete drill holes and 
those with at least one incomplete drill hole for either prey length (unpaired t-test, 
p=0.115) or thickness (unpaired t-test, p=0.835). Similarly, when dividing prey into 
singly-drilled and multiply-drilled, no significant differences were found for either length 
(unpaired t-test, p=0.634) or thickness (unpaired t-test, p=0.429). 
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4. Discussion 
4.1. Competitive Interactions and Potential Proxies 
This study demonstrates that N. delessertiana is a highly mobile, competitive 
predator and regularly participates in conspecific interactions including grappling, prey 
theft, radular rasping, and cannibalism, all of which occurred in both predator size 
groups. These observable agonistic interactions were common among small snails, with 
grappling and prey theft attempts occurring daily, while such interactions were relatively 
rare among large snails, a discrepancy possibly explained by either the increased danger 
of interactions between large combatants (Arnott and Elwood, 2009) or the lower relative 
value of a single prey item for larger snails (Arnott and Elwood, 2008). Radular rasping 
was observed in both groups as a defensive measure against molestation by other 
predators and has been previously documented in Natica stercusmuscarum (Gmelin, 
1791), a Mediterranean naticid (Margolin, 1975). Despite attempts to reduce the 
likelihood of cannibalism, including available prey and segregation of predators by size 
class, two cases of cannibalism still occurred, suggesting that other naticids may be a part 
of normal naticid diets (Kelley, 1991; Gould, 2010). Cannibalism should be even more 
common in size-structured predator populations (Cushing, 1992; Gould, 2010; Kishida et 
al., 2011). These observations suggest that naticids are adapted to dangerous, enemy-rich 
environments, even though a lack of defensive shell characters would imply otherwise. 
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Most forms of competition are not directly preserved in fossilized hard parts, 
although behavioral proxies of competition may leave traces sufficient for documenting 
the history of competition and its impact on evolution (Van Valkenburg and Hertel, 1993; 
McKinney, 1995; Dietl et al., 2004; Chattopadhyay and Baumiller, 2010). This study 
provides evidence that incomplete drill holes in the fossil record have the potential to 
serve as a proxy for competition among naticid snails. This type of predation trace was 
absent when snails fed in isolation from potential enemies but occurred at significantly 
higher frequencies in the presence of conspecifics. Differences in incomplete drilling 
frequencies in our experiment cannot be attributed to prey morphology, as prey in both 
treatments were taken from the same population and were statistically similar in size and 
thickness. However, the frequency of multiple drill holes in prey, a possible measure of 
disruption of a predator during drilling, varied more by size group than presence of 
conspecifics and cannot be used reliably to measure competition intensity in the fossil 
record. Although competitive interruption leading to multiple drills may have occurred 
during this study, this mechanism cannot explain multiple drills found in the isolation 
treatment of this study. Edge drilling, a behavior that is thought to be riskier for the 
predator but speeds up drilling times relative to wall drilling (Vermeij and Carlson, 2000; 
Dietl and Herbert, 2005), was not observed during this experiment. Although this 
behavior has been observed in muricids as a response to conspecific competition (Dietl et 
al., 2004), edge drilling in naticids has been experimentally observed only for members 
of Polinicies and as a stereotyped response to prey species (Vermeij, 1980; Ansell and 
Morton, 1985).  
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4.2. Implications and Potential Applications of Incomplete Drill Holes and the Fossil 
Record 
Previous studies have assumed that incomplete drill holes signal predator failure 
caused by defensive adaptations of prey, and that temporal changes in incomplete drilling 
frequencies are driven primarily by changes in relative fitness between predators and prey 
during long-term evolutionary arms races (Vermeij, 1987; Kelley et al., 2001; Kelley and 
Hansen, 2003). According to this model, if prey respond to selection from enemies by 
evolving defensive morphologies or behaviors, predators are placed at a relative 
disadvantage, are less often successful in attacks, and produce more incomplete drill 
holes. A related prediction is that the frequency of incomplete drill holes should decrease 
following mass extinction events resulting from disruptions to primary productivity 
(Vermeij, 1987, 1994), because highly escalated prey tend to possess defenses that are 
energetically costly to grow and/or maintain. 
Our study, however, suggests that competition among drillers can be an important 
driver in the distribution of incomplete drill holes, and we propose a re-appraisal of the 
fossil record of incomplete drilling traces. Kelley et al. (2001) compared incomplete 
drilling frequencies in bivalves and gastropods encompassing four mass extinctions 
intervals from the latest Mesozoic through the Cenozoic. Out of the Cretaceous-
Paleogene, Eocene-Oligocene, mid-Miocene, and Pliocene-Pleistocene extinctions, the 
expected decline in frequencies of incomplete drill holes was confirmed only for 
gastropods, but not bivalves, for the Eocene-Oligocene event, which Kelley et al. (2001) 
interpreted as a “lack of support” for the hypothesis that mass extinctions preferentially 
eliminate escalated prey. In light of our experimental results, however, we suggest these 
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results instead imply that competition among organisms at higher trophic levels was 
largely unaffected during most of these biodiversity crises. This raises questions about 
the magnitude of ecological disruption during these events. 
 
4.3. Other Observations 
While the focus of our experiments was competitive interactions and incomplete 
drill holes we observed other behaviors of potential interest to paleoecologists, including 
incidental suffocation of prey, predators resuming drill holes, prey with multiple 
complete drill holes, and scavenging. These are discussed below. 
 
4.3.1. ‘Successful’ Incomplete Drills 
In some drilling attacks, N. delessertiana was able to kill and consume prey 
without completing a drill hole, a phenomenon that accounted for 60% of incomplete drill 
holes in the small snail competition group and 20% of incomplete drill holes in the large 
snail competition group. Prey death during drilling could be due to natural mortality, 
toxins in mucus secreted by the predator’s foot, or suffocation. Natural mortality was 
minimal for all treatments and leaves a deceased prey with remaining tissues intact, 
which we did not observe in any incompletely drilled prey. If toxins were used, we might 
expect to find successful incompletes in both isolation and competition, since prey are 
enveloped completely by the foot in both treatments, but this was not the case. Rather, 
suffocation is the most reasonable explanation for successful attacks involving 
incomplete drill holes, because the snail’s large foot completely envelops prey in mucus 
while drilling, which should inhibit water flow over the prey’s gills. Possibly contributing 
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to the incidence of suffocation was prey dragging, which extends the amount of time prey 
are enveloped in the foot prior to drilling.  Dragging was common in the competition 
treatments and absent from isolation treatments, suggesting that snails drag prey items in 
order to avoid interaction with other predators. Incidental suffocation during drilling has 
also been reported for the naticid Glossaulax didyma (Röding, 1798), although 
smothering in this species was concluded to be caused by extended drilling durations 
resulting from relatively thick-shelled prey (Ansell and Morton, 1987). Suffocation by N. 
delessertiana also appears to be incidental, but the fact that prey valve thickness did not 
vary in our experiment between incompletely and completed drilled prey implicates 
conspecific competition as the ultimate trigger. 
 
4.3.2. Resumption of Drill Holes 
One popular explanation for prey with multiple, incomplete drill holes is a general 
inability of naticid snails to locate previous, incomplete drill holes after being interrupted 
(Kitchell, 1986, Kabat, 1990, Kelley and Hanson, 2003). We saw evidence of this in at 
least three cases, when a prey was found with both complete and incomplete drills. 
However, we also observed that each successful prey theft resulted in a prey having only 
a single, complete drill hole, with 70% (n=10) of these occurring over a day after initial 
prey capture by the defending snail. Because mean drilling times for all attacks were 
between two to three days, it is likely that drilling by the defending snail had already 
begun. If so, the single, complete drill hole left by the aggressor must be due to the 
continuation of the original drill hole. Thus, these observations provide tentative evidence 
that, in at least some circumstances, naticids may be able to locate and resume incomplete 
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drill holes, including holes started by other snails. In the next section, we show that this is 
not always the case. 
 
4.3.3. Multiple, Complete Drill Holes 
The occurrence of multiple, complete drill holes in the small competition 
treatment and the large isolation treatment suggests that either C. elevata clams are highly 
mobile prey with a high likelihood of escape (e.g., Kitchell et al., 1986) or that naticids 
repeated drilling of an already dead prey (e.g., Hoffman et al., 1974, Pek and Mikulas, 
1996). After capture, C. elevata is a relatively passive prey and does not likely fit the 
escape scenario. However, video observations show that a single predator drilled both 
holes sequentially during a single attack. We also observed multiple, complete drill holes 
in the large snail isolation treatment. Combined, these observations suggest that multiple 
complete drill holes are not induced by competition but could be due to either prey 
escape mechanisms or drilling of already dead prey. 
 
4.3.4. Scavenging 
Possible scavenging was observed in only one individual and on only two 
occasions, but, because this behavior has, to our knowledge, never been reported for 
naticids, this finding deserves further study (see Kabat, 1990). In this experiment, the 
scavenger, a small snail, had not eaten during its time in the isolation treatment. In the 
following competition treatment, the snail enveloped a prey that had already been 
completely consumed by another predator and left at the surface covered with mucus. 
When the snail returned the already dead clam to the surface, the mucus was gone, 
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indicating that it had either deteriorated or was consumed by the second snail. The 
nutritional value of naticid mucus is unknown.  
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5. Conclusion 
 Experimental observations of N. delessertiana show that this predator readily 
engages in both offensive and defense competitive behaviors in addition to 'normal' 
drilling activities. Drilling data show that competition can independently drive 
incomplete drilling frequencies. Additionally, 40% of incomplete drill holes were 
successful, presumably due to incidental suffocation. When combining observations and 
drilling data, it is clear that competition can play a significant role in causing incomplete 
drill holes, and that 'prey effectiveness' fails to fully explain the phenomenon of 
incomplete drilling. However, this study does not suggest that prey defenses do not play 
any role in field or fossil collections, but rather that competition among predators is an 
additional trigger of incomplete drilling. 
 The present study has several lessons for researchers using aquarium studies to 
understand drilling predators. Studies interested in incomplete drill holes by naticids must 
either use very little sediment or clear glass beads to avoid interaction with predators. 
Although glass beads assisted with infaunal observations, their merit was directly 
associated with incomplete drilling results. Continuous video observation is critical to 
quantifying behaviors of both predator and prey and should be incorporated in at least a 
subset of replicates in all future work. 
 These results set up a framework of future research into naticid drilling predation. 
There are a few obvious research problems to be acknowledged. Firstly, what is the 
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relation between competition observed in the lab and competitive interactions in the field 
and in the fossil record? While competition is arguably ubiquitous, competition intensity 
and, thus, competition-driven incomplete drill holes are likely to vary both spatially and 
temporally. Secondly, does indirect interference explain the incomplete drilling 
frequencies found in the large group competition treatments? The incomplete drilling 
frequencies in these treatments may be anomalously high if larger predators actively 
avoid one another in natural settings. Thirdly, can the effects of prey defenses and 
competition be distinguished? If these factors act in unison but at varying intensities on 
spatial and temporal scales, the usefulness of the incomplete drilling record may be 
severely limited. Lastly, is the effect of competition seen in this experiment applicable to 
other drilling predator-prey systems? Behavioral observations of other naticid taxa as 
well as the effects of naticid confamilial interactions and interactions with other 
secondary predators (e.g., durophagous crabs and sea stars) are essential to tying the 
fossil record of naticid drilling predation to the underlying ecological reality. 
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Appendix I: Field Localities and Experimental Setup 
 
 
 
 
 
 Figure A1: Collection sites. N. delessertiana were collected from Wakulla Beach, FL at 
low tide, which exposed the entire tidal flat. C. elevata were collected from sea grass 
beds directly adjacent to Black’s Island, FL in approximately 0.5 m of water. Photo 
adapted from Google Earth. 
 
 Figure A2: A two-replicate aquarium. This aquarium setup was used for both 
treatments. Addtionally, this is a frame from the time-lapse video footage and shows 
three snails at the surface. 
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Appendix II: Raw Data 
 
 
 
 
 
Table A1: Tank assignments for predators. The experiment was run in two trials: first 
with small predators in isolation and large predators in competition and second with 
small predators in competition and large predators in isolation. One of the large predators 
was cannibalized towards the end of the first trial and was not present for the following 
isolation treatment. Small snails in video-recorded replicates were color-coded to assist in 
observations. 
Small Group - 28.7 ± 0.7 mm 
Snail Size (mm) Isolation Competition 
27.4 1 13 (Blue) 
30.1 2 16 
28.2 3 14 (Blue) 
25.3 4 14 (Red) 
26.1 5 14 (Green) 
27.3 6 15 
27.2 7 15 
32.0 8 13 (Red) 
32.1 9 16 
29.9 10 16 
27.3 11 15 
31.2 12 13 (Green) 
Large Group - 39.0 ± 1.6 mm 
Snail Size (mm) Isolation Competition 
45.0 1 13 
43.6 2 13 
43.5 3 13 
48.6 4 14 
39.4 5 14 
38.8 6 14 
37.5 7 15 
34.6 8 15 
34.6 9 15 
36.5 10 16 
37.7 12 16 
28.0 - 16 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A2: Prey size measurements and drilling data for the small group isolation 
treatment. All size measurements are in millimeters. Abbreviations used: Outer Borehole 
Diameter (OBD), Complete Drill Hole (CD), Incomplete Drill Hole (ID). 
Small Group - Isolation Treatment 
Tank # Date Length Thickness OBD CD ID 
1 5/3 25.6 1.40 2.1 1 0 
1 5/23 21.8 1.12 2.3 1 0 
1 5/26 20.8 0.97 2.3 1 0 
1 6/1 20.2 0.84 2.1 1 0 
1 6/4 28.1 0.99 2.2 1 0 
1 6/9 21.7 0.91 2.1 1 0 
1 6/9 24.4 1.04 2.4 1 0 
1 6/13 24.9 1.14 2.3 1 0 
1 6/15 21.9 0.76 2.2 1 0 
2 6/10 24.5 1.14 1.7 1 0 
2 6/15 17.4 0.64 1.9 1 0 
3 5/5 22.7 0.81 2.7 1 0 
3 5/8 22.9 1.19 3.0 1 0 
3 5/11 22.7 0.86 2.7 1 0 
3 5/21 23.8 1.24 2.6 1 0 
3 5/24 23.5 0.97 2.5 1 0 
3 5/27 26.5 1.02 2.3 1 0 
3 6/3 22.9 0.94 2.2 1 0 
3 6/4 23.1 0.94 2.8 1 0 
3 6/7 22.9 1.14 2.6 1 0 
3 6/15 22.6 1.24 2.9 1 0 
3 6/18 20.6 0.84 3.2 1 0 
3 6/21 23.9 1.07 3.1 1 0 
4 5/8 21.7 1.32 2.0 1 0 
4 5/14 22.7 1.04 2.1 1 0 
4 5/18 24.2 1.12 2.1 1 0 
4 5/24 21.6 1.02 2.0 1 0 
4 5/30 24.1 1.19 2.1 1 0 
4 6/6 19.5 0.74 2.3 1 0 
4 6/15 24.4 1.12 1.8 1 0 
6 5/3 19.4 0.66 1.8 1 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A2 (Continued) 
Small Group - Isolation Treatment 
Tank # Date Length Thickness OBD CD ID 
6 5/8 24.6 1.27 2.1 1 0 
6 5/18 24.6 1.19 2.4 1 0 
6 5/24 22.5 0.97 2.1 1 0 
6 5/28 24.1 0.86 2.1 1 0 
6 6/8 21.8 0.94 2.2 1 0 
6 6/11 21.6 0.91 2.1 1 0 
6 6/16 24.4 1.19 2.8 1 0 
6 6/19 20.5 1.04 2.8 1 0 
8 5/3 23.8 1.22 2.9 1 0 
8 5/7 20.7 0.94 2.9 1 0 
8 5/11 19.5 0.86 2.9 1 0 
8 5/15 29.4 1.57 2.9 1 0 
8 5/21 25.3 0.99 2.9 1 0 
8 5/27 28.6 1.30 2.9 1 0 
8 6/7 22.5 0.99 2.9 1 0 
10 6/18 18.0 0.74 2.2 1 0 
10 6/23 25.7 1.27 2.4 1 0 
11 5/7 25.1 0.97 2.9 1 0 
11 5/16 20.7 1.27 2.9 1 0 
11 5/18 20.7 0.91 2.7 1 0 
11 5/26 22.4 0.99 3.0 1 0 
11 6/1 21.0 0.86 2.9 1 0 
11 6/5 20.9 1.24 2.8 1 0 
11 6/8 22.7 0.97 3.0 1 0 
11 6/23 19.9 0.66 2.7 1 0 
12 5/10 19.0 0.69 2.6 1 0 
12 5/16 21.6 0.94 2.6 1 0 
12 5/21 21.2 0.91 2.8 1 0 
12 5/23 24.9 1.04 2.9 1 0 
12 5/29 22.6 1.02 2.5 1 0 
12 6/4 20.2 0.66 2.8 1 0 
12 6/7 18.4 0.69 2.5 1 0 
 
34 
 
Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A2 (Continued) 
Small Group - Isolation Treatment 
Tank # Date Length Thickness OBD CD ID 
12 6/10 21.9 0.86 3.1 1 0 
12 6/13 23.1 1.04 3.0 1 0 
12 6/20 23.8 0.91 3.0 1 0 
12 6/23 24.7 1.02 3.0 1 0 
 
Table A3: Prey size measurements and drilling data for the small group competition 
treatment. All size measurements are in millimeters. When possible, the predator is 
identified by reference to an assigned color, determined by observing video footage. 
Abbreviations used: Outer Borehole Diameter (OBD), Complete Drill Hole (CD), 
Successful Incomplete Drill Hole (SID), Failed Incomplete Drill Hole (FID). 
Small Group - Competition Treatment 
Tank # Snail Date Length Thickness OBD CD SID FID 
13 G 7/8 25.1 1.14 3.3 1 0 0 
13 B 7/9 25.5 1.04 3.2 1 0 0 
13 R 7/9 23.8 1.07 2.6 1 0 0 
13 B 7/11 17.4 0.71 2.7 1 0 0 
13 G 7/13 24.8 1.19 3.0 1 0 0 
13 G 7/14 24.7 1.09 3.0 1 0 0 
13 R 7/14 22.8 1.17 2.8 1 0 0 
13 R 7/15 19.4 0.76 2.8 1 0 0 
13 B 7/18 20.8 0.86 2.7 1 0 0 
13 G 7/18 23.8 1.27 2.8 1 0 0 
13 R 7/19 21.9 1.07 3.1 1 0 0 
13 G 7/20 22.5 0.86 3.2 1 0 0 
13 R 7/21 25.0 1.32 2.8 1 0 0 
13 G 7/24 24.3 0.79 3.3 1 0 0 
13 R 7/25 24.7 0.89 2.6 1 0 0 
13 B 7/27 24.7 0.97 2.9 1 0 0 
13 G 7/27 21.2 0.81 2.7 1 0 0 
13 B 7/31 21.7 0.94 2.7 1 0 0 
13 G 7/31 23.7 1.30 3.1 1 0 0 
13 R 8/3 25.1 0.84 2.8 1 0 0 
13 R 8/4 21.7 0.91 2.5 1 0 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A3 (Continued) 
Small Group - Competition Treatment 
Tank # Snail Date Length Thickness OBD CD SID FID 
13 G 8/7 19.1 1.12 2.7 1 0 0 
13 B 8/13 25.7 0.94 2.6 1 0 0 
13 G 8/16 22.2 1.45 3.3 1 0 0 
13 
 
8/17 25.5 1.09 2.8 1 0 0 
13 
 
8/19 25.6 0.74 3.0 1 0 0 
13 
 
8/24 20.1 1.14 3.1 1 0 0 
13 
 
8/24 22.9 1.45 3.0 1 0 0 
13 
 
8/27 22.9 0.74 3.1 1 0 0 
13 
 
8/28 21.6 0.79 3.0 1 0 0 
13 
 
8/28 23.5 1.24 2.6 1 0 0 
13 
 
9/4 24.1 0.91 3.2 1 0 0 
13 
 
9/4 23.8 1.17 2.8 1 0 0 
13 
 
9/6 24.1 0.94 3.3 1 0 0 
13 
 
9/6 23.8 0.97 2.9 1 0 0 
13 
 
9/10 20.4 0.99 3.2 1 0 0 
13 
 
9/10 21.4 0.84 2.8 1 0 0 
14 R 7/7 23.6 0.94 2.8 1 0 0 
14 B 7/8 22.2 1.07 3.1 1 0 0 
14 R 7/9 24.6 1.19 2.6 1 0 0 
14 B 7/11 20.5 1.09 3.4 1 0 0 
14 R 7/13 19.8 0.69 3.1 1 0 0 
14 B 7/14 20.7 0.79 3.4 1 0 0 
14 R 7/17 26.9 1.37 2.5 1 0 0 
14 B 7/19 24.1 1.09 2.8 1 0 0 
14 R 7/20 24.2 0.84 2.7 1 0 0 
14 b 7/23 23.1 1.02 2.6 1 0 0 
14 R 7/23 23.4 0.99 2.9 1 0 0 
14 B 7/25 22.9 0.71 3.3 1 0 0 
14 R 7/25 22.8 0.99 3.0 1 0 0 
14 B 7/27 21.5 0.97 3.3 1 0 0 
14 B 7/30 22.7 1.14 3.2 / 3.1 2 0 0 
14 R 7/30 24.9 0.84 2.6 1 0 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A3 (Continued) 
Small Group - Competition Treatment 
Tank # Snail Date Length Thickness OBD CD SID FID 
14 B 8/1 23.7 1.07 3.4 1 0 0 
14 B 8/3 24.1 1.14 3.2 1 0 0 
14 B 8/3 24.1 1.14 3.2 1 0 0 
14 B 8/5 26.2 1.60 3.1 1 0 0 
14 G 8/6 22.9 0.97 2.0 1 0 0 
14 R 8/6 24.4 1.37 2.5 1 0 0 
14 B 8/8 19.7 0.84 3.3 1 0 0 
14 R 8/9 25.9 0.86 2.9 1 0 0 
14 B 8/11 21.5 0.91 3.6 1 0 0 
14 G 8/11 24.6 1.24 2.1 1 0 0 
14 B 8/14 23.3 1.50 3.4 1 0 0 
14 G 8/16 23.5 1.27 2.2 / 2.3 1 0 1 
14 R 8/17 25.5 0.89 2.9 1 0 0 
14 B 8/19 22.9 0.97 3.4 1 0 0 
14 G 8/19 23.6 1.04 2.2 1 0 0 
14 B 8/22 26.1 0.91 3.6 1 0 0 
14 G 8/23 24.2 1.09 2.4 1 0 0 
14 B 8/27 21.6 0.81 3.0 1 0 0 
14 R 8/27 24.4 1.24 2.5 1 0 0 
14 B 8/28 24.3 1.09 3.5 1 0 0 
14 B 8/29 21.7 0.64 3.1 1 0 0 
14 R 8/29 22.6 0.97 2.8 1 0 0 
14 B 9/4 22.0 0.89 3.8 1 0 0 
14 B 9/4 22.8 1.02 3.2 1 0 0 
14 G 9/4 25.2 1.17 2.5 1 0 0 
14 R 9/4 25.3 1.35 2.7 1 0 0 
14 B 9/6 23.6 1.19 3.6 1 0 0 
14 B 9/6 24.1 1.17 2.9 1 0 0 
14 R 9/7 23.6 1.27 2.7 1 0 0 
14 R 9/10 25.0 1.50 2.8 1 0 0 
14 B 9/10 24.1 1.02 3.2 1 0 0 
15   7/9 22.9 1.14 2.8 1 0 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A3 (Continued) 
Small Group - Competition Treatment 
Tank # Snail Date Length Thickness OBD CD SID FID 
15   7/11 22.6 0.99 2.8 1 0 0 
15 
 
7/13 24.2 1.47 2.4 1 0 0 
15 
 
7/15 19.7 0.76 3.1 1 0 0 
15 
 
7/15 20.9 0.97 3.2 1 0 0 
15 
 
7/16 21.6 0.97 2.7 1 0 0 
15 
 
7/18 21.2 1.07 3.1 1 0 0 
15 
 
7/19 20.7 0.91 2.7 1 0 0 
15 
 
7/21 18.3 0.86 3.2 1 0 0 
15 
 
7/21 23.1 0.94 2.5 1 0 0 
15 
 
7/23 19.5 0.86 3.3 1 0 0 
15 
 
7/25 22.2 1.07 3.3 1 0 0 
15 
 
7/25 24.6 0.99 2.5 1 0 0 
15 
 
7/30 24.5 1.12 3.1 1 0 0 
15 
 
8/5 24.1 0.84 2.9 1 0 0 
15 
 
8/8 24.8 1.12 3.3 / 3.5 / 2.7 3 0 1 
15 
 
8/8 27.6 1.04 2.5 1 0 0 
15 
 
8/17 24.7 1.22 3.7 1 0 0 
15 
 
8/19 24.2 1.19 3.2 / 2.9 2 0 0 
15 
 
8/19 23.4 0.97 3.1 1 0 0 
15 
 
8/24 27.1 1.35 3.3 1 0 0 
15 
 
8/24 23.4 1.07 3.0 1 0 0 
15 
 
8/29 21.7 1.02 3.5 1 0 0 
15 
 
9/4 23.8 1.02 3 / 3.2 2 0 0 
15 
 
9/6 23.5 0.91 3.7 0 1 0 
15 
 
9/10 22.6 0.91 2.9 1 0 0 
15 
 
9/10 22.7 1.22 3.5 1 0 0 
16 
 
7/11 23.9 0.99 2.7 1 0 0 
16 
 
7/14 27.0 1.42 2.5 1 0 0 
16 
 
7/14 22.3 0.91 2.6 1 0 0 
16 
 
7/18 26.6 1.17 3.0 1 0 0 
16 
 
7/20 24.6 0.99 2.9 0 1 0 
16   7/23 22.3 0.86 2.8 1 0 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A3 (Continued) 
Small Group - Competition Treatment 
Tank # Snail Date Length Thickness OBD CD SID FID 
16   7/24 26.6 1.09 2.5 1 0 0 
16 
 
7/27 23.7 1.12 2.6 1 0 0 
16 
 
7/30 23.3 1.12 2.5 1 0 0 
16 
 
7/31 23.6 0.94 2.9 0 1 0 
16 
 
8/3 24.0 0.94 2.6 0 1 0 
16 
 
8/6 24.0 0.66 2.7 1 0 0 
16 
 
8/7 23.3 0.84 2.7 1 0 1 
16 
 
8/10 21.5 1.07 3.0 1 0 0 
16 
 
8/14 23.4 1.24 2.8 0 0 1 
16 
 
8/14 21.1 1.09 3.1 1 0 0 
16 
 
8/17 24.5 1.22 3.3 0 1 0 
16 
 
8/17 24.2 0.97 3.1 1 0 0 
16 
 
8/20 25.3 1.50 2.5 0 1 0 
16 
 
8/27 21.7 1.12 2.8 1 0 0 
16 
 
8/27 24.1 1.07 3.2 1 0 0 
16 
 
8/27 21.4 0.76 2.7 1 0 0 
16 
 
9/4 25.1 1.19 3.1 1 0 0 
16 
 
9/6 24.5 1.14 3.3 1 0 0 
16 
 
9/10 24.4 1.04 2.8 1 0 0 
16   9/10 16.8 0.58 2.7 1 0 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A4: Prey size measurements and drilling data for the large group isolation 
treatment. All size measurements are in millimeters. Abbreviations used: Outer Borehole 
Diameter (OBD), Complete Drill Hole (CD), Incomplete Drill Hole (ID). 
Tank # Date Length Thickness OBD CD ID 
5 7/20 25.4 0.99 3.6 1 0 
5 7/25 22.5 0.89 3.6 2 0 
5 7/30 24.6 1.09 3.5 1 0 
5 8/4 23.7 0.81 3.6 2 0 
5 9/4 23.7 1.35 3.5 1 0 
5 9/10 26.2 1.22 3.6 1 0 
6 7/10 22.1 0.79 3.6 1 0 
6 7/19 24.9 1.12 3.6 1 0 
6 7/16 23.1 1.04 3.9 1 0 
6 8/11 22.7 1.35 3.9 1 0 
6 8/14 22.5 1.07 3.9 1 0 
6 9/6 22.4 1.12 3.5 1 0 
6 9/11 24.3 1.12 3.8 1 0 
7 8/20 23.6 0.97 3.2 1 0 
7 9/11 23.0 1.09 3.2 1 0 
9 8/20 23.2 0.86 3.0 1 0 
9 8/27 25.3 1.27 3.4 1 0 
9 9/4 24.1 1.07 3.2 1 0 
9 9/6 22.1 0.99 3.5 1 0 
9 9/10 26.8 1.07 3.2 1 0 
10 8/31 23.0 1.02 3.3 1 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A5: Prey size measurements and drilling data for the large group competition 
treatment. All size measurements are in millimeters. Abbreviations used: Outer Borehole 
Diameter (OBD), Complete Drill Hole (CD), Successful Incomplete Drill Hole (SID), 
Failed Incomplete Drill Hole (FID). 
Large Group  - Competition Treatment 
Tank # Date Length Thickness OBD CD SID FID 
13 5/15 24.6 1.14 3.9 0 1 0 
13 5/21 25.5 0.91 3.8 1 0 0 
13 5/23 24.4 1.02 4.2 1 0 0 
13 5/26 23.9 0.91 3.6 1 0 0 
13 6/3 24.2 0.99 4.0 1 0 0 
13 6/7 23.8 1.09 3.1 0 0 1 
13 6/8 23.2 0.97 3.8 1 0 0 
13 6/21 22.9 0.97 3.7 1 0 0 
14 5/9 25.5 1.07 3.4 1 0 0 
14 5/16 24.9 1.30 3.4 1 0 0 
14 5/23 21.1 0.76 3.7 1 0 0 
14 6/9 19.3 0.58 3.6 1 0 0 
14 6/15 25.2 0.99 3.5 1 0 0 
14 6/18 23.7 0.84 3.1 1 0 0 
14 6/21 22.0 1.12 3.4 1 0 0 
14 6/21 25.2 1.19 3.5 1 0 0 
15 5/14 22.6 0.97 2.9 1 0 0 
15 5/16 22.9 1.02 3.1 1 0 0 
15 5/23 20.8 0.69 2.8 1 0 0 
15 5/30 24.1 1.04 3.1 1 0 0 
15 6/19 24.0 1.09 3.0 1 0 0 
15 6/23 22.0 0.97 3.0 1 0 0 
15 6/23 22.0 1.35 3.2 1 0 0 
16 5/7 22.4 1.19 2.3 1 0 0 
16 5/7 25.1 1.12 2.4 1 0 0 
16 5/7 19.5 0.69 2.4 1 0 0 
16 5/9 21.2 0.81 3.3 1 0 0 
16 5/10 23.3 0.99 3.6 1 0 0 
16 5/12 25.1 0.94 3.0 1 0 0 
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Appendix II: Raw Data (Continued) 
 
 
 
 
 
Table A5 (Continued) 
Large Group  - Competition Treatment 
Tank # Date Length Thickness OBD CD SID FID 
16 5/15 24.1 0.71 3.5 / 2.0 0 0 2 
16 5/15 21.4 0.71 2.9 0 0 1 
16 5/17 23.8 1.02 3.3 1 0 0 
16 5/22 24.1 1.22 3.3 1 0 0 
16 5/22 24.4 1.24 2.9 1 0 0 
16 5/23 24.4 1.02 2.6 0 1 0 
16 5/25 19.7 0.74 3.7 1 0 0 
16 5/25 21.8 0.94 2.8 0 0 1 
16 5/28 21.4 1.14 3.1 1 0 0 
16 5/30 20.8 1.19 3.0 1 0 0 
16 6/4 24.1 1.04 3.6 1 0 0 
16 6/5 25.1 1.24 3.1 0 0 1 
16 6/10 22.5 1.14 3.6 1 0 0 
16 6/14 25.0 0.99 3.2 1 0 0 
16 6/18 22.0 0.89 3.8 1 0 0 
16 6/21 25.2 1.02 2.7 0 0 1 
16 6/21 25.0 0.97 2.6 0 0 1 
 
